Background: Intraoperative hypotension is a common side effect of general anaesthesia and might lead to inadequate organ perfusion. It is unclear to what extent hypotension during noncardiac surgery is associated with unfavourable outcomes. Methods: We conducted a systematic search in PubMed, Embase, Web of Science, and CINAHL, and classified the quality of retrieved articles according to predefined adapted STROBE and CONSORT criteria. Reported strengths of associations from high-quality studies were classified into end-organ specific injury risks, such as acute kidney injury, myocardial injury, and stroke, and overall organ injury risks for various arterial blood pressure thresholds. Results: We present an overview of 42 articles on reported associations between various absolute and relative intraoperative hypotension definitions and their associations with postoperative adverse outcomes after noncardiac surgery. Elevated risks of end-organ injury were reported for prolonged exposure (!10 min) to mean arterial pressures <80 mm Hg and for shorter durations <70 mm Hg. Reported risks increase with increased durations for mean arterial pressures <65e60 mm Hg or for any exposure <55e50 mm Hg. Conclusions: The reported associations suggest that organ injury might occur when mean arterial pressure decreases <80 mm Hg for !10 min, and that this risk increases with blood pressures becoming progressively lower. Given the retrospective observational design of the studies reviewed, reflected by large variability in patient characteristics, hypotension definitions and outcomes, solid conclusions on which blood pressures under which circumstances are truly too low cannot be drawn. We provide recommendations for the design of future studies. Clinical registration number: (PROSPERO ID). CRD42013005171.
Editor's key points
In a systematic review of the association between intraoperative hypotension and adverse postoperative outcomes in noncardiac surgery, 42 relevant studies were identified and analysed. Elevated risks of end-organ injury were reported for exposures to mean arterial pressures <80 mm Hg for >10 min, and for shorter durations <70 mm Hg. Elevated risks were reported for increased durations for mean arterial pressures <65e60 mm Hg or for any exposure <55e50 mm Hg. Future prospective studies are indicated with less variability in patient characteristics and better definitions of hypotension and adverse outcomes.
Intraoperative hypotension is a common side-effect of general anaesthesia that has received much attention in recent years because of its frequent occurrence and presumed adverse consequences. However, no widely accepted definition of intraoperative hypotension is available. 1 Despite this lack of a uniform definition, researchers have addressed the association between intraoperative hypotension and postoperative mortality and organ dysfunction after general anaesthesia. Monk and colleagues 2 were one of the first groups to show a significant association between duration of intraoperative hypotension and mortality. More recent landmark studies have shown associations between hypotension and other adverse outcomes such as acute kidney injury (AKI) and myocardial injury (MI). 3, 4 It remains a topic of debate if, and to what extent, hypotension disrupts organ perfusion resulting in organ damage. Furthermore, such organ damage might depend on the degree and duration of the hypotensive episodes. A summary of what is known about the effects of intraoperative hypotension on postoperative organ dysfunction and mortality is essential for anaesthesiologists to determine the range of blood pressures acceptable during surgery. So far, no systematic search of the literature has been conducted to summarise the available evidence regarding the association between intraoperative hypotension and adverse postoperative outcomes. As hypotension has not clearly been defined, such a summary needs to include an analysis of which blood pressure threshold an association with adverse outcomes becomes clinically relevant.
We studied the relationship between intraoperative hypotension and postoperative adverse outcomes after noncardiac surgery by performing a systematic search of the literature. We classified studies according to quality criteria and report strengths of associations for various blood pressure thresholds and postoperative adverse outcomes.
Methods

Search strategy and selection of articles
We conducted a systematic search of literature in PubMed, Embase, Web of Science, and CINAHL on March 8, 2017 . Synonyms and medical subject headings for intraoperative hypotension were combined with synonyms and medical subject headings for complication, mortality, AKI, MI, ischaemic stroke, delirium, and length of hospital stay (LOS) as described in Box 1. The search filters were restricted to presence of the synonyms in titles and abstracts. No other limits were used. The articles obtained by this search were independently screened by two reviewers (E.W. and H.M.T.). In case of inconsistency, consensus was achieved by a third independent reviewer (T.H.K.). The reference lists of all selected and included articles were checked to retrieve relevant publications that were not found by the above described search strategy. The inclusion and exclusion criteria for publication type, study design, hypotension, and studied outcome definitions are described in Box 2.
Data extraction and quality assessment
Data on study design, hypotension definitions, studied outcomes, and (adjusted) strengths of association were extracted from all included studies (Tables 1 and 2). 2e43 Commonly reported baseline characteristics were summarised by calculating weighted means of medians across study groups criteria were adapted and used for the composition of a checklist with predefined quality criteria. These criteria focus on the internal validity, external validity, bias, and precision (Supplementary Table S1 ). In short, all criteria on study design were scored as positive (þ), negative (e), unclear (?), or not applicable (NA). The latter option was used when the criterion was not appropriate for the specific study design, such as loss-to-follow-up for a caseecontrol study. Depending on the type of study design, a maximum of 13 'positive' items (caseecontrol studies), 14 items (randomised clinical trials; RCTs), or 15 items (cohort studies) could be assigned (Table 1, Supplementary Table S1 ). Disagreements between both reviewers were discussed. In case of persistent disagreement, the third reviewer made the final decision. Whereas the maximum score depended on study type, normalisation was achieved by calculating the quality score, defined as the number of positive items divided by the maximum number of items for that study type and expressed as a percentage.
Reporting and aggregation of results
For the reported strengths of association for absolute blood pressure thresholds and hypotension durations, multivariable associations from aetiological studies were presented when available; otherwise univariable strengths of associations were shown (Table 3) . Strengths of associations were grouped according to (cumulative) durations of !1 min, !5 min, !10 min, and !20 min exposure to intraoperative hypotension below particular absolute thresholds. Studies that used a threshold that was relative to a baseline blood pressure were grouped with the absolute threshold that corresponded with the relative departure from the reported mean baseline blood pressure or a baseline of 140/90 mm Hg when no mean baseline was reported. For example, Hallqvist and colleagues 14 used a relative threshold of a 50% decrease in systolic blood pressure (SBP). As no mean baseline blood pressure was reported, the study was grouped with absolute thresholds SBP <70 mm Hg (50% of 140 mm Hg).
For studies that reported their strength of association per time-unit increase, the strengths of associations for other durations were estimated from the reported strengths of associations using the lower bound of the duration category. 
¼1
.193. The reported strengths of associations were aggregated into single risk categories per blood pressure threshold and per hypotension duration for the five organ injury outcomesdmortality, AKI, MI, stroke, and deliriumdand combined into an overall organ injury risk per threshold and duration (Table 4) . For each category, the highest association [odds ratio (OR), RR, or hazard ratio (HR)] among the available evidence of sufficient quality was classified into a risk of mild, moderate, or high as defined below. Studies were considered qualitatively sufficient when they received a quality score !80% and defined an intraoperative hypotension analysis in their primary of secondary objectives. The highest organ injury risk for a specific blood pressure threshold and duration category was then considered to be the overall organ injury risk.
Several additional assumptions and conversions were made to compare studies and their strengths of associations. First, strengths of associations that could not be converted to an OR, RR, or HR per blood pressure threshold and duration category were not considered in the risk categorisation summary. Second, ORs, RRs, and HRs were deemed interchangeable in their magnitude, as the outcome incidences were relatively low (the rare disease assumption). Third, the cut-off to classify a strength of association as high-risk was chosen as a 'doubled risk' or more (OR/RR/HR high !2.0). The cut-off for moderate risk was chosen at half the high-risk cut-off on an exponential scale (√2¼1.4 OR/RR/HR moderate <2.0), with the mild-risk category starting at a minimal increased risk (1.0<OR/RR/HR mild <1.4). Fourth, all blood pressure thresholds 
Study design
Studies in which !50% of the adult patients underwent general anaesthesia or general anaesthesia combined with local or regional anaesthesia for noncardiac surgery were included. Studies in animals or children and emergency procedures for ruptured vessels were excluded. Studies were excluded when they selected a subgroup of patients with a specific comorbidity that was not part of the reason to perform the surgical procedure. The study design had to be a randomised controlled clinical trial, a cohort study or a caseecontrol study with >10 patients. Case series, case reports, metaanalyses and (systematic) reviews were excluded. The association between intraoperative hypotension and at least one outcome (mortality, acute kidney injury, myocardial injury, stroke, delirium, length of stay) had to be reported. The definition of determinant or outcome did not belong to the inclusion or exclusion criteria. Studies focusing on intentional or induced intraoperative hypotension or on the effects of antihypertensive medication were excluded.
Definition of intraoperative hypotension
Intraoperative hypotension had to be defined in the article as an absolute or relative blood pressure threshold. Blood pressure thresholds had to be clinically relevant (i.e. not a mean blood pressure <100 mm Hg or >5% decrease compared with baseline blood pressure).
were converted to mean arterial pressure (MAP) equivalents based on a pulse pressure of 40 mm Hg (i.e. an SBP threshold <90 mm Hg represents a blood pressure of 90/50 mm Hg, which is comparable with a MAP threshold of <65 mm Hg). The 40 mm Hg pulse pressure was chosen because it was considered the most plausible pulse pressure across all reported systolic blood pressure thresholds. MAP was calculated by adding systolic blood pressure to two times diastolic blood pressure divided by three. Fifth, once a specific MAP threshold and hypotension duration reached a certain risk classification, that classification carried over to all subsequent lower MAP thresholds or longer hypotension durations at the same MAP threshold. This means that a moderate risk at MAP<60 mm Hg for acute kidney injury could not become a mild risk at MAP<55 mm Hg, nor could it become 'no risk' because no appropriate study reporting an association for that threshold was available. This reflects the assumption that lower blood pressures or longer intraoperative hypotension episodes always aggravate the risk of organ injury.
Results
Included studies
Our search strategy yielded 5224 articles in total. After removal of duplicates (n¼1955) and removing articles based Table 1 Results of the methodological assessment of studies on intraoperative hypotension and postoperative adverse outcomes. Scoring system to obtain a quality score for every included article based on 15 categories as described in Supplementary Table S1 . þ, if sufficient information is available and positive assessment; e, if insufficient information or negative assessment; ?, unknown; NA, not applicable. Depending on the type of study design, a maximum of 13 points (caseecontrol studies), 14 points (randomised controlled trials, RCTs) or 15 points (cohort studies) were assigned
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? e e e þ ? þ þ e 3 (23) on screening of title and abstract (n¼3128), 131 abstracts adhered to the inclusion and exclusion criteria and the corresponding articles were retrieved (Fig. 1) . After assessment of the full publications, 89 articles were excluded with the third reviewer adjudicating 10 of them. Eventually, 42 papers published between 2002 and 2017 were included for data extraction and quality assessment (Table 1) . Eighteen studies (43%) had a quality score !80%, whereas the median quality score of the articles was 73% (interquartile range 49e80%; Table 1 ). Two observational substudies of randomised controlled trials (RCTs) were included in which postoperative effects of intraoperative hypotension were analysed. One RCT focused on goal-directed therapy during major abdominal surgery. 10 The other RCT investigated the efficacy of N-acetylcysteine in the prevention of acute kidney injury during elective abdominal aorta repair. 24 In these two trials, both intervention arms were analysed for the association between intraoperative hypotension and AKI.
Patient characteristics
The number of included patients in the 42 included studies ranged from 40 to 152 445 (Table 2 , panel 'studies'), 21 ,31 with a median of 1523 patients (inter-quartile range 261e17 739). In four studies (10%), the reported mean or median age was <50 yr and in seven studies the reported mean or median age was >70 yr (Table 2 ). Information about sex was reported in 40 studies. In 26 studies, the number of included females and males was comparable (40e60%), while in the remainder either males or females were overrepresented. Twenty-three studies (55%) provided information on the ASA physical status classification of the included patients ( Table 2 , panel 'comorbidity'). In 36 studies (86%) any baseline information was reported on the occurrence of stroke, hypertension, diabetes, coronary artery disease or renal disease. In 15 (42%) of these 36 studies, information on at least four of these five conditions was reported. Twenty-six studies (72%) provided information on preoperative hypertension. In 22 of these 26 studies (85%), hypertension was found in !40% of the included patients. In 22 studies (52%) all patients underwent general anaesthesia, in one study <50% of the patients underwent general anaesthesia and 12 studies (24%) did not report any information on type of anaesthesia nor was it obvious from the included surgical procedures that it always had to be general anaesthesia. In several studies (n¼12; 29%), large groups of patients underwent abdominal surgery, including liver transplantation (n¼3 studies; 7%). Other frequent types of surgery were orthopaedic (n¼7 studies; 17%) and vascular surgery (n¼7 studies; 17%). In 11 studies (26%), no information was reported on type of surgery (Table 2 , panel 'procedure characteristics').
Intraoperative hypotension definitions
Types of blood pressure thresholds
In most studies, one or more hypotension definitions included a threshold based on absolute blood pressures ( 'intraoperative hypotension'). Of the 42 studies, 29 (69%) used an intraoperative hypotension definition based on an absolute MAP threshold and 17 studies (40%) used hypotension definition based on an absolute SBP threshold. Seventeen (40%) studies used a hypotension definition based on a relative blood pressure threshold (a percentage-wise or absolute decrease from baseline blood pressure). In nine studies, relative MAP thresholds were used and in seven studies relative SBP thresholds were used. One study did not report whether their relative threshold was based on a mean or systolic arterial pressure. 33 
Intraoperative hypotension duration
Dichotomous analyses were performed in 20 studies (48%), of which seven (17%) included minimum time duration in their hypotension definition (Table 2 , panel 'intraoperative hypotension'). Fifteen studies (36%) performed a comparative analysis on whether the duration of hypotension was associated with any of the studied outcomes. Two studies (5%) analysed time as the duration in minutes below a blood pressure threshold. Two studies (5%) included an area under the threshold, and three studies (7%) used a different type of time-dependent analysis such as time-weighted average or percentage of the total procedure time. Four studies (10%) applied a different type of hypotension definition (e.g. lowest blood pressure, triple low conditions, or blood pressure as part of the Surgical Apgar Score). Fourteen studies reported associations for a minimum hypotension duration !1 min, eight studies !5 min, 12 studies !10 min, and seven studies !20 min.
Blood pressure threshold values
After ranking the included studies according to blood pressure threshold, quality score, and studied outcome, strengths of associations per threshold were compared (Table 3 , panel 'Intraoperative hypotension thresholds'). In addition, results based on a blood pressure threshold including duration were extrapolated to longer durations of hypotension. For each reported MAP threshold between 50 mm Hg and 75 mm Hg (5 mm Hg increments), from seven to twelve studies with MAP based thresholds were available. Six studies reported on MAP thresholds 40 mm Hg, 45 mm Hg and 80 mm Hg. There was no apparent relation between blood pressure threshold values and either quality score, intraoperative hypotension duration, or studied outcome.
Studied outcomes
Fourteen studies investigated mortality, with a follow-up duration between 1 day and 1 yr 2,18,28 and an outcome incidence between 0.03% (follow-up: <1 day) and 5.6% (during hospital admission) 28, 41 (Table 3 , panel 'Outcomes under study'). Twelve studies reported on associations between intraoperative hypotension and AKI. Follow-up duration Table 4 Summary of highest strength of associations of association of mortality and organ injury in noncardiac patients translated to risk categories. *Not statistically significant; y Hirsch (2015) performed a multivariable logistic regression model to analyse their data but did not report odds ratios, only P-values (P¼0.409 for duration of mean blood pressure <50 mm Hg). HR, hazard ratio; MAP, mean blood pressure; OR, odds ratio; RR, relative risk.2 varied between 1 day and 30 days, 21, 40 and incidence of AKI between 2.8% (7 days) and 72% (7 days). 20, 29 Nine studies investigated myocardial injury or infarction, with a follow-up duration between 1 and 30 days. 11, 14, 17 The incidence of myocardial injury varied between 0.09% (in-hospital) and 30% (1 day). 11, 39 Stroke was reported in four studies, with incidences varying from 0.004% (in-hospital) to 0.09% (10 days). 8, 27 Five studies reported on delirium with incidences between 9% (2 days) and 33% (5 days). 5, 23 Another five studies reported on LOS, either prolonged LOS (three studies, incidences between 29.7% and 37%) or duration of LOS (two studies, median LOS between 4 and 7 days).
Summary of evidence for the most reported outcomes
Based on the methods described above, two studies with a high-quality score were not used for the determination of organ injury risks. The study of Roshanov and colleagues 11 was excluded because studying hypotension was not part of the primary or secondary research objectives. The strengths of associations reported by Schmid and colleagues 10 could not be converted into a comparable OR, RR, or HR as they reported a regression coefficient for the decrease of creatinine clearance (e0. There were small differences between individual outcomes. For AKI and MI, the risks started at thresholds <65 mm Hg and increased gradually with degree and duration in a pattern that is largely similar between the two outcomes. For mortality, associations were reported for higher thresholds than AKI and MI, starting when there was prolonged exposure to MAP <80 mm Hg. The reported risks were mild for thresholds down to 55 mm Hg, at which the reported risks increased with prolonged exposures to MAP 55 mm Hg. For ischaemic stroke, only non-significant, small strengths of associations were reported. For delirium, non-significant associations were found for a duration of MAP <50 mm Hg. For LOS, insufficient data were available.
Discussion
This systematic review summarised the current literature as of March 2017 on the relation between intraoperative hypotension and postoperative outcomes. It provides an overview of blood pressures that were reported to be associated with inadequate organ perfusion. Prolonged exposure (!10 min) to MAP <80 mm Hg and for shorter durations <70 mm Hg was associated with mildly elevated risks of any end-organ injury. Increased durations for MAP <65e60 mm Hg or for any exposure <55e50 mm Hg were associated with moderately or highly elevated risks.
The interpretation and clinical applicability of the results of this review are hampered by the large differences between the studies and their observed associations. First, the included studies differed substantially in their selection of patient groups or procedures. Table 2 demonstrates that few studies are comparable in terms of baseline characteristics of the patients included. Further, the selection of surgical procedures ranged from very wide (e.g. noncardiac surgery) to very narrow (e.g. thoracic aortic aneurysm repair, gastric bypass surgery). Finally, there was also large variability in what patient and procedure characteristics weredor were notdreported by the various studies.
Second, there was large variation in the way that intraoperative hypotension was defined and analysed. Definitions of hypotension across the studies included a wide range of degrees and durations for various types of blood pressure. Different thresholds were used for systolic, mean, or diastolic blood pressure, or even multiple thresholds were combined into a single definition. In addition to a threshold definition, the variable for hypotension can also be modelled in different ways. 46 The thresholds often introduce a cut-off: anything above the threshold is considered to be the same (i.e. analysed as 'zero' or 'no intraoperative hypotension'), even when the values are close to the threshold. However, everything below the threshold can be modelled in several ways: duration of blood pressure below the threshold, the area under the threshold, or simply a 'one' (i.e. 'yes, the patient's blood pressure was below the threshold'). Third, there was important variation in the way that postoperative adverse outcomes were defined, analysed, and reported. Six different groups of postoperative adverse outcomes were reported as outcomes in this review: mortality, AKI, MI, ischaemic stroke, delirium, and LOS. Within each group different adverse outcomes with different definitions were studied. For example, the definition of myocardial injury ranged from only elevated biomarkers with or without ECG changes to cardiovascular complications. Residual confounding might have been present in studies that analysed postoperative cardiac or renal biomarkers drawn by clinical indication compared with routine postoperative biomarker measurements. 4, 12, 15 Furthermore, not all outcomes are interchangeable in their severity and incidence rates. Delirium might be an outcome more sensitive to find the low blood pressure threshold, but regarding severity and incidence rates it is not on par with mortality and AKI. The fourth issue is a result of the three issues mentioned before. The large heterogeneity in baseline characteristics, hypotension definitions, and studied outcomes made it challenging to come to a quantitative summary of the results. Hence, we made various conversions and assumptions on how to merge definitions of intraoperative hypotension and reported strengths of associations of these studies in a qualitative way. Additionally, we only used high quality studies (quality score !80%) with blood pressure thresholds converted to MAP thresholds for the organ-injury risk classification.
Based on several assumptions and variations in patients, intraoperative hypotension definitions, outcome definitions, and analyses, it is still difficult to reliably define a common 'cut-off' for which blood pressure is too low. Although the risk of end-organ injury seems to increase rapidly with prolonged exposure to lower intraoperative blood pressures, based on current evidence, we cannot prove a causal relation between intraoperative blood pressures and outcomes. Current studies on intraoperative hypotension aim to answer: 'What blood pressure is too low?', but their data can only be used to answer 'What blood pressure is associated with adverse outcomes given current treatment standards?' In other words, this review does not address the question on what blood pressure thresholds result in organ hypoperfusion, but whether there is remaining hypoperfusion despite present routines to manage patients' blood pressures.
All contributing factors and interactions are difficult to unravel and discriminate and it seems unlikely that we will be able to explore the contribution of separate factors using only observational data. Therefore, intervention studiesdsuch as pragmatic trialsdare required to understand the causal chain of intraoperative low blood pressure and adverse outcomes. After completion of the systematic search described in this review, three trials concerning intraoperative blood pressure manipulation have been published. In the first trial, 27 elderly patients with chronic hypertension who underwent major abdominal surgery were randomised to one of three target MAP groups. Vasopressor therapy and a fluid management protocol based on stroke volume variation were used to adjust MAP. This study showed that a target MAP of 80e95 mm Hg, compared with lower (65e79 mm Hg) and higher targets (96e110 mm Hg) can decrease the incidence of AKI. Incidences of stroke and mortality did not significantly differ among groups. The lower incidence of AKI in the midrange MAP group compared with the lower MAP group is in accordance with results from observational studies (Table 4) . Strict inclusion and exclusion criteria regarding age, comorbidities, and preoperative medication use limit generalisability of this trial. 47 In a second trial, 48 two blood pressure management strategies and their effects on postoperative organ dysfunction in patients undergoing major surgery were studied. This study showed that achieving a systolic blood pressure within 10% of the reference value by using continuous vasopressor infusion may prevent postoperative organ dysfunction compared with a strategy of only treating systolic blood pressures <80 mm Hg or <40% of the reference value (standard care). However, anticipation of an expected blood pressure decline was not allowed and the standard care group treatment thresholds might not really represent current clinical care. In a third trial, 49 it was shown that avoidance of 'double low' events defined as MAP<75 mm Hg and bispectral index <45 by automated alerts, did not significantly decrease the 90-day mortality incidence in adults who underwent noncardiac surgery. In this study, no standardised blood pressure treatment protocols were used. Future studies on intraoperative hypotension should aim to explore blood pressure thresholds within specific patient groups and for specific outcomes. These should include other variables that are indicative of underlying causes and mechanisms of hypotension, such as heart rate, pulse pressure variation, cardiac output estimated by advanced techniques, and specific biomarkers. This will allow us to study mechanistic hypotheses that are outcomespecific and whether mechanism-specific interventions will improve outcomes.
In conclusion, the reported associations suggest that organ injury might occur when the mean arterial pressure decreases <80 mm Hg for !10 min, and that this risk increases with blood pressures becoming progressively lower. Given the retrospective observational design of most studies, reflected by large variability in patient characteristics, hypotension definitions, and outcomes, solid conclusions on which blood pressures under which circumstances are truly too low cannot be drawn. We are in need of prospective interventional studies in specific patient groups and for specific outcomes to further unravel this topic. 
